Keywords: Dosage compensation X-chromosome inactivation center X-chromosome inactivation Preimplantation embryo Blastocyst Pig X-chromosome inactivation (XCI) is an epigenetic mechanism that occurs in the eutherian embryo development to equalize the dosage of X-linked genes between males and females. This event is regulated by various factors, and the genes located in the X-chromosome inactivation center (XIC), which is known to be an evolutionary conserved region, are associated with XCI; however, a number of studies regarding this epigenetic event and genomic region are primarily performed in mouse models despite its species-specific features. Thus, in this study, the porcine XIC was identified, and we analyzed the expression of XIC-linked genes in porcine preimplantation embryos. Comparative sequence analysis revealed that the porcine XIC is synteny with that of human and the noncoding RNAs were less conserved compared with the protein coding genes in the XIC. Among the XIC-linked genes, the expression levels of CHIC1 and RLIM were decreased from morula to blastocyst development and their dosage was compensated between the male and female blastocysts. Additionally, the CpG sites of CHIC1 were approximately 50% methylated in parthenote blastocysts. Contrary to these genes, XIST and LOC102165544, an uncharacterized non-coding gene, showed dramatically increased expression levels after the morula stage and preferential female expression in blastocysts. Imprinted XIST expression was not observed, and their CpG sites were hypo-methylated in parthenogenic blastocysts. These results demonstrate that the porcine XIC consists of an evolutionary conserved structure with fewer sequences conserved non-coding RNAs. In addition, a few XIC-linked genes would likely achieve dosage compensation, but XCI would not be completed in porcine blastocysts.
Introduction
X-chromosome inactivation (XCI) is an essential event to balance the dosages of X-linked genes between male and female eutherians (Lyon, 1961 (Lyon, , 1962 . This process is induced by the X-chromosome inactivation specific transcript (XIST) (Penny et al., 1996) . Prior to the identification of this non-coding RNA (ncRNA), one report suggested that a specific region in the X-chromosome is required for the inactivation of one of the X-chromosomes in mice (Rastan, 1983) . This region has been called the X-chromosome inactivation center (XIC), and various protein-coding and non-coding genes, including XIST, are present in this region. Protein-coding genes in the XIC have been considered to be conserved among non-eutherian vertebrates as well as eutherians; however, orthologues of the ncRNA genes in the XIC, such as XIST,
were not discovered in non-eutherian mammals, and the genes are less conserved among the eutherians. This finding is due to a disruption of the ancestral protein-coding genes and their pseudogenization that resulted in evolving non-translated RNA genes in marsupials during an evolutionary short period . The ncRNAs in the XIC, Tsix, Jpx, and Ftx as well as Xist, were reported to regulate the XCI in mice (Chureau et al., 2011; Sado et al., 2005; Tian et al., 2010) . The XIC-linked protein-coding gene, Rlim (also known as Rnf12), has also been reported to induce Xist expression in mice . These reports suggest that the XIC-linked genes are important for regulating XCI in eutherians. Although the porcine XIST gene was first identified in our previous study (Hwang et al., 2013a) , little is known for porcine XIC.
A previous report suggested that there is diversity in the XCI initiation strategies and mechanisms to achieve this epigenetic phenomenon among the eutherians (Okamoto et al., 2011) . The chromatin status of the X-chromosome dynamically changes during the development of female mouse embryos. After maternal to zygotic transition, the paternal X-chromosome (Xp) is inactivated. The inactive X-chromosome is maintained in trophoblast lineage cells but reactivated in the inner cell mass (ICM). After, the differentiation of ICMs into three germ layers induces the inactivation of one of the X-chromosomes, which is randomly selected (Augui et al., 2011) ; however, XCI in human and rabbit embryos differ to those in mouse embryos. Preimplantation embryos of both species do not undergo imprinted XCI and express XIST biallelically. In addition, initiation timing for XCI is delayed compared with the random XCI in mice (Okamoto et al., 2011) . The report suggests the requirement of species-specific studies on XCI mechanisms in various eutherians.
Compared with the studies regarding human and mouse XCI, which were mainly performed by cytological analysis using RNA fluorescence in situ hybridization (FISH), a few studies have been performed to determine the XCI status in ungulates by comparing the expression levels of X-linked genes between males and females (Bermejo-Alvarez et al., 2011; Bermejo-Alvarez et al., 2010; Park et al., 2012) . Global gene expression analysis demonstrated that sexual dimorphic expression was observed in bovine blastocysts and more than 80% of the X-linked genes that are expressed in the blastocyst stage were expressed preferentially in the female blastocysts rather than male blastocysts (Bermejo-Alvarez et al., 2010) . Additionally, the expression levels of the selected genes, which were reported to be expressed differentially by sex in blastocysts (Bermejo-Alvarez et al., 2010) , were equalized between males and females in elongated bovine embryos (BermejoAlvarez et al., 2011) . Although our previous study observed sexual dimorphism of selected X-linked genes in porcine blastocysts (Park et al., 2012) , more studies are required to confirm the XCI status in porcine embryos.
In this study, the porcine XIC was identified by sequence comparison with human and mouse genes, and the expression of the genes in the porcine XIC was analyzed during the embryonic stage and in blastocysts to confirm the dosage compensation status in pig embryos. Finally, the methylation patterns of the promoter region of each XIC-linked gene were examined in parthenogenic blastocysts. From this result, we conclude that the dosage of a few XIC-linked genes was compensated.
Results

Identification of the XIC in pigs
To identify the XIC in pigs, we searched for the orthologues of human and mouse XIC-linked genes in the porcine X-chromosome. Because XIC shares a similar synteny among the eutherians, the genomic region coding CDX4 and RLIM, which is located on the boundary of the XIC in eutherians , was searched first in the pig genome. Both of the genes are located within 1.14 Mb on the pig X-chromosome, which is a similar length to the genomic range between human CDX4 and RLIM (1.16 Mb). The orthologues of the human XIC-linked genes (CDX4, CHIC1, XIST, SLC16A2, and RLIM) are encoded in the 1.14 Mb porcine genomic region with the same order and transcribing direction as the human genome (Fig. 1A, B) . Although the orthologues of the four human XIC-linked genes (TSIX, JPX, FTX, and CNBP2) were not annotated in pigs, these four genes showed some sequence homology with the uncharacterized genes in the 1.14 Mb porcine genomic region (Fig. 1B) . Similar results were obtained when we compared mouse XIC-linked genes to the porcine genome (see Fig. 1 in Ref Hwang et al., in press ). These results showed that the composition of the genes in the porcine genomic region between CDX4 to RLIM is similar to that of the XIC in other species, and this region was considered to be the porcine XIC.
The sequences of the human and mouse XIC-linked genes were compared with their counterparts in the porcine XIC using BLAST. Genomic and mRNA sequences of protein-coding genes have higher homology with their counterparts in the pig rather than those of ncRNAs (Fig. 1C and see Fig. 2 in Ref Hwang et al., in press ). Additionally, each human XIC-linked gene has a higher sequence homology with its counterparts in the pig compared with the mouse XIC-linked genes (see Fig. 2 in Ref Hwang et al., in press ). These results suggest that ncRNAs such as JPX, FTX, TSIX, and XIST are less conserved than the protein-coding genes and that the porcine XIC is genetically closer to the human XIC rather than the mouse XIC.
Expression of XIC-linked genes in embryonic fibroblasts
In our previous study, one of the X-chromosomes was considered to be inactivated and maintained in female porcine embryonic fibroblasts (PEFs) because an allele of the XIST promoter is methylated in female PEFs (Hwang et al., 2013a) . Therefore, the expression levels of the XIC-linked genes were compared in male and female PEFs to confirm the compensated expression and presence of XCI-escaping genes such as XIST in the suggested porcine XIC. The expression levels of 10 porcine XIC-linked genes were examined. Two genes, LOC10738799 and LOC100738472, were excluded because the mRNA sequences of these two uncharacterized genes are identical to porcine SLC16A2 and RLIM, respectively. Of the examined XIC-linked genes, nine genes except CDX4 were expressed in PEFs, and XIST was the only detected gene in female PEFs (Fig. 2A) . Sexual dimorphic expression was not observed in most of the XIC-linked genes, but XIST and LOC102165544 were expressed preferentially in females (Fig. 2B) . Interestingly, LOC102165644, which has some sequence homology with human JPX (Fig. 1 and see Fig. 2 in Ref Hwang et al., in press ), was expressed two-fold higher in female PEFs compared with male PEFs (Fig. 2B) . These results indicate that the dosages of the overall XIC-linked genes are compensated between male and female PEFs, but XIST and LOC102165544 are genes that would escape XCI in pigs.
Expression of XIC-linked genes in parthenogenic embryo development
XCI occurs by the accumulation of XIST on one of the X-chromosomes during early eutherian embryo development (Okamoto et al., 2004 (Okamoto et al., , 2011 Penny et al., 1996; Wutz and Jaenisch, 2000) . The genes located on the XIC, such as Rlim, Jpx, and Ftx, have been suggested to be regulators of XCI and Xist expression in mice (Chureau et al., 2011; Jonkers et al., 2009; Tian et al., 2010) . These studies suggest the importance of the XIC-linked genes for regulating XCI and thus, we examined the expression level changes of the XIC-linked genes in preimplantation embryos. To obtain female embryos of each stage consistently, parthenogenic embryos were used. Among the 10 XIC-linked genes examined in PEFs, CHIC1, XIST, LOC102165544, and RLIM were consistently expressed in the embryonic stages (data not shown). The expression levels of XIST and LOC102165544 were increased (XIST) or maintained (LOC102165544), but the expression of CHIC1 and RLIM were decreased in the blastocysts compared with the morulae (Fig. 3) . As the increase and accumulation of XIST is essential for initiating XCI (Penny et al., 1996) , we compared the expression levels of the four genes in individual male and female blastocysts to confirm whether the dosage of the each gene was compensated during the blastocyst stage.
Expression level comparison of XIC-linked genes in male and female blastocysts
The expression levels of the four XIC-linked genes were compared in male and female blastocysts to confirm that the dosage of each gene was compensated in the blastocysts (Fig. 4) . The sex of the in vitro fertilized blastocysts was determined by the XIST expression level (Park et al., 2011) prior to analyzing the expression of the genes. Additionally, the expression of two X-linked genes, HPRT1 and G6PD, which were reported to be preferentially expressed in female porcine blastocysts (Park et al., 2012) , were examined in sexed blastocysts to further confirm that the embryo sexing was performed properly. Sexed female blastocysts in this study had a 1.6-fold higher expression of HPRT1 and G6PD compared with male blastocysts, as previously reported. This result shows that the two groups of blastocysts classified by the XIST expression level represent each sex well. LOC102165544, a gene that did not have decreased expression levels during morula to blastocyst development, was highly expressed in the female blastocysts; however, the expression levels of CHIC1 and RLIM, which showed decreased expression during the blastocyst stage compared with morula stage, were not significantly different between the male and female blastocysts. This result reveals the possibility that dosage compensation would be achieved in a few XIC-linked genes in porcine blastocysts.
CpG sites methylation status of XIC-linked genes in blastocysts
The methylation status of the CpG sites of the four genes was examined in parthenogenic porcine blastocysts to confirm that the balanced expression levels of CHIC1 and RLIM between the male and female blastocysts were induced by the inactivation of one allele. We searched the CpG sites of the XIC-linked genes (see Fig. 3 in Ref Hwang et al., in press) and examined their methylation patterns in male and female PEFs and parthenogenic blastocysts. The CpG sites of three XIC-linked genes, CHIC1, RLIM, and XIST, showed differential methylation patterns between male and female PEFs, but LOC102165544 was hypomethylated in both of the sexes (Fig. 5A, B ). This result supports that LOC102165544 would be an XCI-escaping gene as assessed by transcriptional analysis (Fig. 2B ). Contrary to female PEFs, each CpG site was generally hypomethylated in parthenogenic blastocysts except CHIC1 (Fig. 5C ). The CpG sites of CHIC1 were approximately half-methylated, but those of RLIM, which showed a non-differential expression level between male and female blastocysts similar to CHIC1, were demethylated in parthenogenic blastocysts. The CpG sites of XIST and LOC102165544, which were differentially expressed between male and female blastocysts, were fully demethylated in parthenogenic blastocysts.
XIST expression is sex dependent in blastocysts
Analysis of XIC-linked gene expression and methylation patterns supports the possibility that dosage compensation of a few XIC-linked genes is achieved in porcine blastocysts; however, whether the expression of XIST is dependent on the parental origin of the allele is required to be confirmed because XIST accumulation is essential for inducing XCI and imprinted XCI wasn't observed in rabbit and human embryos. Therefore, the expression of XIST and other X-linked genes were compared between parthenogenic and in vitro fertilized blastocysts to confirm the effect of the origin of the allele in the expression of each XIC-linked gene (Fig. 6 ). Our previous study showed that XIST is preferentially expressed on the maternal X (Xm) in porcine blastocysts (Park et al., 2011) ; however, this result is unclear because the analysis was conducted using pooled blastocysts without distinguishing the sex of each blastocyst. Comparison of the expression levels of XIST using sexed individual blastocysts showed that the XIST expression levels were similar between parthenogenic and in vitro fertilized female blastocysts. Therefore, XIST expression is not dependent of the origin of the allele but is sex-dependent in porcine blastocysts. Unexpectedly, LOC102165544 expression was significantly high in in vitro fertilized female blastocysts having the Xp compared with the parthenogenic blastocysts. Other XIC-linked genes, CHIC1 and RLIM, also showed that their expression is not dependent on the origin of the allele in blastocysts.
Discussion
XCI is an essential process for compensating the dosages of X-linked genes between male and female eutherians. This event occurs during the early phase of embryo development with various strategies among eutherians (Escamilla-Del-Arenal et al., 2011; Okamoto et al., 2011) . Despite diverse and species-specific manners for achieving dosage compensation of X-linked genes, this epigenetic event has been confirmed in only a few species, and little is known regarding the process in pigs.
XCI is induced mainly by Xist, and various factors are suggested to regulate Xist expression in mice. Among the factors, the XIC-linked genes, including Jpx, Ftx, and Rlim, have been reported to induce and regulate Xist expression (Chureau et al., 2011; Jonkers et al., 2009; Tian et al., 2010) . Compared with a study that defined XIC more than thirty years ago (Rastan, 1983) prior to identifying XIST/Xist (Brockdorff et al., 1992; Brown et al., 1992) , recent reports focusing on XIC-linked genes demonstrate that not only Xist but also other XIC-linked genes are involved in Non-reverse transcribed RNA was used as a negative control. The Ct-value of ACTB was used to normalize the expression level of each gene. The expression amount of the XIC-linked genes in one female PEF (first column in panel B) was set to one-fold. All of the amplicons were Sanger sequenced, and proper amplification of each target gene was confirmed. XCI. Although the importance of XIC-linked genes has been highlighted in various reports, the porcine XIC has not been identified. Thus in this study, the XCI status was examined by focusing on the XIC-linked genes in porcine blastocysts.
Conserved XIC consists of less conserved non-coding RNA genes in pigs
Comparative sequence analysis revealed that the XIC is generally conserved because of gene synteny and order despite the differential genomic length of the region between human and mice (Chureau et al., 2002) . Among the XIC-linked genes, orthologues of the proteincoding genes CDX4, CHIC1, and SLC16A2, have been observed in noneutherian vertebrates, and they are located in proximity to each other (Duret et al., 2006) ; however, the genes comprising the genomic region between CHIC1 and SLC16A2 are different between eutherian and noneutherian vertebrates. The internal region is composed of five proteincoding genes in non-eutherian vertebrates, but their orthologues were not defined in eutherians. This counterpart region in eutherians instead contains ncRNAs (Duret et al., 2006 ). These differences suggest that an evolutionary break-point of XIC-linked genes in the genomic region between CHIC1 and SLC16A2 emerged during adaptive radiation of mammals by disruption of the protein-coding genes (Hore et al., 2007; Romito and Rougeulle, 2011) . The disruption of the ancestral proteincoding genes by integration of a mobile element or truncation of a coding region resulted in pseudogenization, which lead to the emergence of eutherian-specific ncRNAs such as XIST (Elisaphenko et al., 2008) . A previous report confirmed that mouse Tsx is pseudogenized and the Ppnx ortholog was not detected in humans (Chureau et al., 2002) . These studies indicate that ncRNAs in the XIC emerged during an evolutionary short period, which resulted in less sequence homology of the ncRNAs among the eutherian species, even though the orthologues of the XIC-linked genes are present in various species including non-eutherian vertebrates.
In our study, the sequence comparison between human XIClinked genes and their pig counterparts showed that ncRNAs are less conserved compared with protein coding genes (Fig. 1) . The low sequence similarity with mouse XIC-linked genes and an absence of the Tsx homolog region in the porcine XIC suggests that the porcine XIC is close evolutionarily to that of human XIC rather than the mouse XIC ( Fig. 1 and see Fig. 1 in Ref Hwang et al., in press ). Sequence comparison between human and pig showed that XIST is the most sequence-conserved gene among the XIC-linked ncRNAs. Therefore, the role of XIST would be most conserved compared with the other ncRNAs.
Human JPX and FTX, whose orthologues are a positive regulator for Xist expression in mice (Chureau et al., 2011; Tian et al., 2010) , showed little sequence homology with their counterparts in pigs. Uncharacterized ncRNA genes coded between XIST and SLC16A2 in pig are considered to be orthologues for JPX (LOC102165544) and FTX (LOC102165633 or LOC100513129) because of their coding region and transcription strand; however, sequence comparison showed that these two genes are the least conserved among the XIC-linked genes in pig, suggesting that the uncharacterized genes may not be their orthologues in pigs. Because sequence homology does not directly reflect functional conservation (Pang et al., 2006) , additional studies regarding the role of the uncharacterized ncRNAs in XCI are required.
The presence of porcine TSIX, whose ortholog is known to be a negative regulator of Xist in mice (Lee et al., 1999) , is unclear because only the region antisense to the 3′ region of porcine XIST showed a partial sequence homology with the 5′ region of human TSIX, which overlapped with the 3′ region of human XIST (see Fig. 2A in Ref Hwang Fig. 4 . Quantitative comparison of XIC-linked gene expression in male and female blastocysts. The expression amount of each XIC-linked gene was compared between male and female blastocysts produced via in vitro fertilization. HPRT1 and G6PD, which were reported to be sexually dimorphic genes in porcine blastocysts (Park et al., 2012) , were used to confirm sexing of fertilized blastocysts. Each red and blue circle indicates the expression level of individual female and male blastocysts, respectively. Box-plots in each column represent the quartile distribution of the gene expression levels of each blastocyst. ACTB and RN18S were used as reference genes, and the median of normalized expression levels among female blastocysts was set to one-fold. Asterisks indicate a significant difference between male and female blastocysts (*, P b 0.05; **, P b 0.01; and ***, P b 0.001).
et al., in press). Although the human TSIX was identified more than 10 years ago (Migeon et al., 2001) , if human TSIX is a negative regulator for XIST, as shown with mouse Tsix, is unclear. This finding suggests that the ortholog is a less conserved gene compared with the XIST ortholog. Therefore, considering our results and the uncertain function of human TSIX, porcine TSIX might not be present or may be expressed in another genomic region. Thus, confirming the presence of TSIX orthologues in the pig is still needed. In conclusion, common features among the species, such as preserved synteny and genes with well or less conserved sequences (protein-coding genes or ncRNAs, respectively) indicate that the examined genomic region is the porcine XIC.
XCI would be initiated but not accomplished across the entire chromosome in porcine blastocysts
A recent report demonstrated that the time-window for XCI initiation and completion varies among species (Okamoto et al., 2011) . The report highlighted that rabbits and humans have bi-allelic expression of XIST in early blastocysts and these two species do not have imprinted XCI during preimplantation embryo development. Interestingly, biallelic XIST accumulation is mainly observed in human blastocysts, and a few X-linked genes were active in both alleles. This finding means that the dosages of some X-linked genes, at least the three examined genes in the study, are not compensated between male and female human blastocysts; however, another study suggested that XCI is initiated in human blastocysts with the evidence that one of the CHIC1 alleles in a XIST coated X-chromosome was silenced in human blastocysts (van den Berg et al., 2009) . Although the XIST expression patterns in human blastocysts were different between the two studies, these reports showed that the inactivation timing of one allele is different among the X-linked genes. This feature is also observed in bovine blastocysts (Bermejo-Alvarez et al., 2010) . Approximately 20% of X-linked genes are identically expressed between male and female bovine blastocysts and the remaining 80% are expressed differently between the two sexes. This differential expression status of X-linked genes caused by both or a single active allele of the genes in human and bovine female blastocysts suggests that an extended period for completing XCI would be needed compared with the process in mice. Indeed, elongated bovine embryos showed an increased proportion of dosage-compensated Xlinked genes compared with spherical blastocysts, but the expression levels of some of the X-linked genes were still not balanced between males and females (Bermejo-Alvarez et al., 2011) . This report supports the postulate that XCI completion in bovine embryo development would require a longer period of time compared with mice.
Our results showed that the dosages of two XIC-linked genes are compensated between male and female blastocysts (CHIC1 and RLIM) (Fig. 4) . Additionally, the methylation status showed that one allele of CHIC1 is inactivated in porcine parthenogenic blastocysts (Fig. 5) . These results support the possibility that dosage compensation of subtle XIC-linked genes would be initiated and achieved in porcine blastocysts. This hypothesis is also supported by the result that the highest expression of RLIM is in the morulae (Fig. 3) because the gene is reported to induce XCI in a dose-dependent manner and is down regulated after XCI initiation by inactivation of its one allele on the inactive X-chromosome in mice ; however, complement of XCI and dosage compensation of entire X-linked genes will be achieved in the later embryonic stage because sexual dimorphic expression of Xlinked genes such as HPRT1 and G6PD was observed in previous studies (Park et al., 2012) . Demethylated CpG sites of XIST also support the idea that porcine XCI is not completed during the blastocyst stage (Fig. 5) . One report confirmed that the accumulation of H3K27ME3 is detected first in elongated porcine embryos (Gao et al., 2011) . Considering that the epigenetic chromatin modification indicates XCI completion, the report further supports the idea that XCI would not be completed in porcine blastocysts. These results would support the possibility that XCI would not be completed in porcine blastocysts.
The expression levels of XIST were high in blastocysts with two copies of the gene, fertilized female and parthenogenic blastocysts, rather than fertilized male blastocysts (Fig. 6 ). This finding indicates that XIST expression is not greatly affected by the parental origin of the X-chromosome in porcine blastocysts. This result differs from our previous study, which observed a higher expression level in parthenogenic blastocysts compared with the fertilized blastocyst in pigs (Park et al., 2011) . The difference in expression would arise from pooled blastocysts without distinguishing sexes in our previous study. Therefore, the result indicates that XIST may not be the imprinted gene in pigs. As the expression patterns of XIST are directly related to the random or imprinted XCI, additional studies are needed to clarify the presence of imprinted XCI in pigs.
These results would mean that inactivation of the X-chromosome is initiated partially in a few X-linked genes in porcine blastocysts and the time-window and process of XCI initiation in the pig would be different from those of humans and mice.
Uncharacterized gene, LOC102165544, could be the Jpx ortholog in pigs
Tian et al. revealed that an ncRNA, Jpx, is the trans-activator for inducing Xist expression and XCI during the differentiation of mouse embryonic stem cells (ESCs) (Tian et al., 2010) . Jpx lies approximately 10 kb upstream from Xist and is transcribed opposite to Xist. The expression of this XCI-escaping ncRNA is increased during the differentiation of mouse ESCs, and its deletion induces a failure of XCI in female ESCs. One recent study also reported that the dosage of Jpx is essential for inducing XCI by titrating CTCF and activating one of the Xist alleles during the differentiation of mouse ESCs (Sun et al., 2013) .
In our study, the genomic location and expression pattern of LOC102165544 were similar to that of Jpx: a genomic distance of approximately 40 Kb from XIST on the opposite transcribing strand (Fig. 1B) . There is an approximately two-fold higher expression in Fig. 6 . Quantitative comparison of the expression levels of XIC-linked genes in porcine parthenogenic and fertilized blastocysts. The expression levels of XIC-linked genes in individual parthenogenic blastocysts were compared according to the sex of in vitro fertilized blastocysts. H19 was used to represent paternally imprinted and maternally expressed gene in pigs (Park et al., 2009 (Park et al., , 2011 . Green circles indicate both male and female in vitro fertilized blastocysts. Box-plots indicate the quartile distribution of the expression levels of each blastocyst group. Two reference genes, ACTB and RN18S, were used to normalize the data. Each median expression level in the female blastocysts group was set to one-fold for each gene. Asterisks indicate a significant difference between male and female blastocysts (*, P b 0.05; **, P b 0.01; and ***, P b 0.001).
female blastocysts and PEFs (1.6-and 1.94-fold, respectively) compared with males (Figs. 2 and 4) , and the methylation pattern in PEFs (Fig. 5) suggests that this gene escapes XCI. Additionally, the increase of expression following XIST expression at the embryonic stage (Fig. 3) is similar to Jpx expression in differentiating mouse ESCs. These similarities between Jpx and LOC102165544 support the possibility that this uncharacterized gene is the Jpx ortholog in pigs; however, another possibility is that this ncRNA is not the Jpx ortholog because of the low sequence homology and differential gene structure to Jpx (Fig. 1C) . The possibility would also be supported by the expression patterns of the gene between female fertilized blastocysts compared with parthenotes (Fig. 6) . The result showed that the allele in Xp might produce more LOC102165544 transcript compared with that in Xm, which was also stably expressed in male fertilized blastocysts (Fig. 4) . Therefore, the expression levels of the gene might be different following the parental allele in porcine blastocysts. To clarify the possibility that expression level of the gene is determined according to the parental alleles, a single nucleotide polymorphism based transcript origin definition should be carried out. Therefore, further examination and characterization of the function of this gene in porcine XCI is needed.
In present study, the porcine XIC was identified and dosage compensation of XIC-linked genes was examined in porcine preimplantation embryos. Our results demonstrate that the porcine XIC shares genomic characters with those of other species; however, ncRNAs in XIC have little sequence homology with their orthologues. Additionally, the dosage compensation of some XIC-linked genes would be achieved, although chromosome-wide XCI was not considered to be accomplished in porcine blastocysts in this study (Fig. 7) ; however, there are several limitations of this study. We only utilized in vitro embryos and examined only selected genes. Additionally, the gene expression analysis was carried out using whole blastocysts without distinguishing between differential lineage cells such as the ICM and trophectodermal cells. Therefore, cytological analysis using RNA FISH and examination of global gene expression using in vivo embryos are needed to confirm the exact time-window for XCI initiation and mechanism in pigs.
Materials and methods
Ethics statement
All of the experiments were conducted with the approval of the Institutional Animal Care and Use Committees of Seoul National University (SNU-140325-3).
Sequence homology analysis
The genomic and transcript sequences of human and mouse XIClinked genes were compared with porcine X-chromosome sequences (Sus scrofa version 10.2) using BLAST. The genomic range between sequence homolog regions with the 5′ and 3′ regions of each human and mouse XIC-linked gene was also used. Each genomic or transcript sequence of the human and mouse XIC-linked genes was compared with its counterpart region in the pig, and their sequence homology was calculated (see Ref Hwang et al., in press ).
Sample preparation 4.3.1. Embryos produced in vitro
To prepare in vitro fertilized and parthenogenic embryos, oocyte maturation was conducted first following the protocol in our previous report (Hwang et al., 2013b) . Briefly, ovaries from pre-pubertal gilt were donated by the Sooam Biotech Research Institute (Seoul, Korea). Cumulus-oocyte-complexes (COCs) with granulated cytoplasm and thick-layered cumulus cells were collected from the porcine follicular fluid (pFF). Collected COCs were washed using TL-Hepes-PVA medium (Funahashi et al., 1997) and cultured in tissue culture medium (TCM-199; Life Technology, Rockville, MD) supplemented with 10 ng/ml epidermal growth factor, 1 μg/ml insulin (Sigma-Aldrich, St. Louis, MO) and 10% pFF for 44 h at 39°C in 5% CO 2 conditions. Hormones, 4 IU/ml of human and equine chorionic gonadotropin (Intervet, Boxmeer, Netherlands), were added to the cells for only the first 22 h. The cumulus cells were detached using 0.1% hyaluronidase (Sigma-Aldrich, St. Louis, Fig. 7 . Candidate model for epigenetic changes of X-linked genes in female porcine preimplantation embryos. MO). The denuded oocytes were assessed for in vitro fertilization and parthenogenesis (Hwang et al., 2015b (Hwang et al., , 2015c . To produce fertilized embryos, ejaculated sperm purchased from the DARBI A.I. Center (Jochiwon, Korea) was washed with Dulbecco's phosphate buffered saline (DPBS; Welgene, Seoul, Korea) containing 0.1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO) by centrifugation. The cumulus-free oocytes and washed sperm at a final concentration of 1 × 10 5 cells/ml were placed together in 50 μl of modified tris-buffered medium (Abeydeera and Day, 1997) and co-incubated at 39°C in 5% CO 2 . After 6 h of incubation, the oocytes were washed twice using DPBS (Welgene, Seoul, Korea) with 0.1% BSA and transferred to porcine zygote medium 3 (PZM3) (Yoshioka et al., 2002) . Parthenotes were generated by activating denuded oocytes through electric pulse (1.0 kV/cm for 60 μsec) using the BTX Electro-cell Manipulator (BTX, CA) in activation medium (280 mM mannitol, 0.01 mM CaCl 2 , and 0.05 mM MgCl 2 ). The oocytes were transferred and incubated with PZM3 containing 2 mM 6-dimethylainopurine (SigmaAldrich, St. Louis, MO) for 4 h, followed by PZM3.
Embryonic fibroblasts
Male and female PEF cell lines from 27-day-post-coitus Yucatan mini-pigs were provided by the Sooam Biotech Research Institute (Seoul, Korea). PEFs were cultured in high glucose Dulbecco's modified eagle medium (Welgene, Seoul, Korea) containing 10% fetal bovine serum (J. R. Scientific, Woodland, CA), 1% penicillin/streptomycin, 0.1 mM 2-mercaptoethanol, and 1.7 mM L-glutamine (Invitrogen, Carlsbad, CA).
RNA extraction and reverse transcription
The zona pellucida of the embryo was removed by acid Tyrode's solution (Sigma-Aldrich, St. Louis, MO), and the RNA was extracted using the Dynabeads® mRNA DIRECT™ Kit (Invitrogen, Carlsbad, CA) in accordance with the manufacturer's instrument. Pooled mature oocytes (n = 40), parthenotes in each stage (2-cell, n = 20; 4-cell, n = 20; 8-cell, n = 20; morula, n = 10; blastocyst, n = 5), and individual parthenogenic and fertilized blastocysts were assessed. Total RNA from PEFs (5 × 10 5 cells) was extracted using TRIzol® Reagent (Invitrogen, Carlsbad, CA) and then treated with DNase (Turbo™ DNase I, Applied Biosystem, Foster City, CA) following the manufacturer's instructions. One microgram of DNase-treated total RNA from the PEFs and mRNA from the embryos were reversetranscribed with the High Capacity RNA-to-cDNA™ Kit (Applied Biosystems, Foster City, CA) following the manufacturer's instructions.
RT-PCR and quantitative RT-PCR
4.5.1. RT-PCR Synthesized cDNA from the PEFs was used for PCR with 0.5 μM of the primer pairs (see Table 1 in Ref Hwang et al., in press) and the iMax 2× PCR master mix solution (iNtRON Bio Technology, Seongnam, Korea). Non-reverse transcribed RNA was used as a negative control. The PCR products were run on 1% agarose gels stained with ethidium-bromide. Each amplicon was sequenced. The reaction was carried out as follows: one cycle of 95°C for 7 min; 40 cycles of 95°C for 30 s, 62°C for 30 s, and 72°C for 1 min; one cycle of 72°C for 10 min.
Quantitative RT-PCR
The amount of mRNA was quantified using 0.1 μM of the primer sets listed in (see Table 2 in Ref Hwang et al., in press) and the DyNAmo HS SYBR Green qPCR kit (Thermo Scientific, Rockford, IL) following the manufacturer's guidance. The dissociation temperature was examined, and the amplicons were gel-loaded to check the reaction accuracy. The reaction was conducted under the following conditions: one cycle of 50°C for 5 min; one cycle of 95°C for 5 min; 40 cycles of 95°C for 15 s and 60°C for 1 min. For the relative comparison, three reference genes, ACTB, RN18S, and YWHAG, were used following the comparison cases properly. ACTB was used in comparison between the PEFs with differential sexes, and YWHAG, which has been reported to consistently maintain expression levels in porcine developing preimplantation embryos (Whitworth et al., 2004) , were chosen for the comparison among the developing preimplantation embryos in pigs. ACTB and RN18S were used for the reference gene when comparing the expression levels between blastocysts with differential sexes following previous studies (Park et al., 2012) .
Bisulfite sequencing
Genomic DNA was extracted from PEFs (1 × 10 6 cells) and zona-free parthenogenic blastocysts (n = 300) using the G-spin™ Genomic DNA Extraction Kit for cells and tissues (iNtRON Bio Technology, Seongnam, Korea). The extracted gDNA was assessed using the EZ DNA MethylationGold™ Kit (Zymo Research, Irvine, CA) and bisulfite-treated gDNA was amplified using primer sets (see Table 3 in Ref Hwang et al., in press ). First-round PCR was performed with one cycle of 95°C for 5 min; 35 cycles of 95°C for 30 s, annealing at the temperature listed in Table 3 in Ref Hwang et al., in press for 30 s; 72°C for 2 min; and one cycle of 72°C for 10 min. One-microliter of the first-round PCR product was used for second-round PCR and was performed using the following conditions: one cycle of 95°C for 7 min; 40 cycles of 95°C for 35 s, annealing temperature listed in Table 3 
Statistical analysis
Statistical analyses were performed using the GraphPad Prism statistical program (GraphPad Software, San Diego, CA). Expression level comparisons between the embryonic stage and somatic cells were carried out using one-way analysis of variance (ANOVA) and a Tukey test. The expression in individual fertilized blastocysts according to sex was analyzed using the Student t-test. The expression levels of genes in individual parthenotes, among male and female fertilized blastocysts, were analyzed by ANOVA and Dunnett's test. All of the data are exhibited as the mean ± standard error of the mean; P b 0.05 is considered to be significantly different.
